The highly conserved ANP32 proteins are proposed to function in a broad array of physiological activities through molecular mechanisms as diverse as phosphatase inhibition, chromatin regulation, caspase activation, and intracellular transport. On the basis of previous analyses of mice bearing targeted mutations of Anp32a or Anp32e, there has been speculation that all ANP32 proteins play redundant roles and are dispensable for normal development. However, more recent work has suggested that ANP32B may in fact have functions that are not shared by other ANP32 family members. Here we report that ANP32B expression is associated with a poor prognosis in human breast cancer, consistent with the increased levels of Anp32b mRNA present in proliferating wild-type (WT) murine embryonic fibroblasts and stimulated WT B and T lymphocytes. Moreover, we show that, contrary to previous assumptions, Anp32b is very important for murine embryogenesis. In a mixed genetic background, ANP32B-deficient mice displayed a partially penetrant perinatal lethality that became fully penetrant in a pure C57BL/6 background. Surviving ANP32B-deficient mice showed reduced viability due to variable defects in various organ systems. Study of compound mutants lacking ANP32A, ANP32B, and/or ANP32E revealed previously hidden roles for ANP32A in mouse development that became apparent only in the complete absence of ANP32B. Our data demonstrate a hierarchy of importance for the mammalian Anp32 genes, with Anp32b being the most critical for normal development.
The highly conserved ANP32 proteins are proposed to function in a broad array of physiological activities through molecular mechanisms as diverse as phosphatase inhibition, chromatin regulation, caspase activation, and intracellular transport. On the basis of previous analyses of mice bearing targeted mutations of Anp32a or Anp32e, there has been speculation that all ANP32 proteins play redundant roles and are dispensable for normal development. However, more recent work has suggested that ANP32B may in fact have functions that are not shared by other ANP32 family members. Here we report that ANP32B expression is associated with a poor prognosis in human breast cancer, consistent with the increased levels of Anp32b mRNA present in proliferating wild-type (WT) murine embryonic fibroblasts and stimulated WT B and T lymphocytes. Moreover, we show that, contrary to previous assumptions, Anp32b is very important for murine embryogenesis. In a mixed genetic background, ANP32B-deficient mice displayed a partially penetrant perinatal lethality that became fully penetrant in a pure C57BL/6 background. Surviving ANP32B-deficient mice showed reduced viability due to variable defects in various organ systems. Study of compound mutants lacking ANP32A, ANP32B, and/or ANP32E revealed previously hidden roles for ANP32A in mouse development that became apparent only in the complete absence of ANP32B. Our data demonstrate a hierarchy of importance for the mammalian Anp32 genes, with Anp32b being the most critical for normal development.
cell growth | mouse embryogenesis | premature aging A NP32B (a.k.a. APRIL, PAL31, PHAP1b) is a mammalian member of the highly conserved acidic nuclear phosphoprotein 32kDa (ANP32) family of gene products (1) . These metazoan-specific factors are characterized by the presence of an amino-terminal leucine-rich repeat domain and a carboxylterminal region that is highly enriched in acidic amino acid residues (2) . These features are found in ANP32 proteins from mapmodulin, the single representative in Drosophila, and in the three vertebrate family members identified ANP32A, ANP32B, and ANP32E (1, 3) .
The ANP32 proteins have been implicated in a broad array of physiological processes, including cell differentiation (4-7), apoptotic cell death (8) (9) (10) (11) (12) (13) (14) , and cell proliferation (15) (16) (17) . Diverse mechanisms have been postulated for how these proteins perform their function(s). Some studies indicate that ANP32 proteins may directly control enzymatic activities, such as via inhibition of protein phosphatase 2A (PP2A) (18) (19) (20) or activation of caspases (10, 11, 13, 14, 21) . Other studies suggest that they may regulate intracellular transport at nuclear pores or microtubules (22) (23) (24) (25) . Several studies present evidence that nuclear ANP32 proteins may influence transcription either through the inhibitor of acetyl transferases complex (26) (27) (28) (29) or by direct effects on transcription factors (30, 31) . Most of the above reports have focused on ANP32A, the founding member of the ANP32 family, but none of these studies has specifically excluded a particular ANP32 protein as contributing to the activities examined.
More recent work has demonstrated functions that are exclusive to the ANP32B protein, at least in humans. First, ANP32B, but not ANP32A, controls the expression of the dendritic cell maturation factor CD83 by regulating the transport of its mRNA to the cytoplasm (22) . Second, ANP32B modulates the activity of the transcription factor Kruppel-like factor 5 (KLF5), whereas ANP32A cannot (32) . Finally, ANP32B is a caspase substrate, whereas ANP32A is not (33) .
Reported loss-of-function mutants for ANP32 family members include two independently targeted ANP32A-deficient mice (34, 35) , an ANP32E-deficient mouse (35) , and a presumptive null mutant of mapmodulin in Drosophila (36) . All of these mutants were viable and fertile with no obvious abnormalities. Here, we report on the phenotype of Anp32b-deficient (Anp32b −/− ) mice and, using compound mutants, show that ANP32 family members are not completely redundant in mammals. We demonstrate that ANP32B is the most important ANP32 family member for mammalian development and likely plays a complex role in sustaining viability that has yet to be completely defined. In addition, we provide evidence that the level of ANP32B mRNA expression in human breast cancers may serve as a prognostic marker.
Results
ANP32B as a Potential Prognostic Marker in Human Cancer. Reports that ANP32B expression was related to cell proliferation (15, 17) prompted us to investigate whether ANP32B expression was altered in human tumor samples. We examined the relationship between ANP32B mRNA expression and breast cancer patient prognosis using information from three available studies, namely the NEJM (New England Medical Journal) (37), the BMC (BMC Genomics) (38) , and the PNAS datasets (39). When we compared the survival of these three groups of patients among all three datasets, we found that patients whose tumors showed the highest ANP32B mRNA levels had significantly shorter survival times using the Cox proportional hazard model (P < 10
−4
). To display this effect, we stratified the patients in these datasets into three major groups: those with tumors expressing high levels of ANP32B mRNA (highest 33.3% or tertile), those with tumors with medium ANP32B mRNA levels (middle tertile), and those with tumors with low ANP32B mRNA levels (lowest tertile).
Here, the survival effect of the highest and lowest ANP32B-expressing tumors is clearly demonstrated ( Fig. 1 ; middle tertile not shown). These results imply that elevated ANP32B expression in a tumor may be a marker of poor patient prognosis.
Anp32b mRNA Levels Are Linked to Cell Proliferation in Mice. The less favorable prognosis of breast cancer patients with high ANP32B-expressing tumors suggested that the elevated ANP32B in these samples might be linked to more aggressive tumor cell proliferation. To investigate this hypothesis, we performed Northern blot analysis of a wide range of tissues from adult wildtype (WT) mice. We found that Anp32b expression was low (relative to Gapdh) in tissues where less cell proliferation usually occurs, i.e., in brain tissue ( Fig. 2A) . In contrast, tissues that generally have high cell proliferation rates, i.e., spleen and thymus, showed higher relative levels of Anp32b mRNA expression. We confirmed this pattern at the mRNA level by quantitating Anp32b expression (relative to Tbp) using quantitative RT-PCR (Fig. S1A) . Again, proliferative tissues such as the spleen and thymus showed elevated levels of Anp32b mRNA, whereas the forebrain and hindbrain exhibited only low Anp32b expression. These data further suggest a link between Anp32b level and rate of cell proliferation.
To test whether proliferative stimuli could induce Anp32b expression, we subjected WT primary mouse embryo fibroblasts (MEFs) to serum deprivation to induce cell cycle arrest and then stimulated their proliferation by restoring standard serum levels to the culture. Under conditions of serum deprivation, Anp32b mRNA was barely detectable in WT MEFs (Fig. 2B) . However, upon the addition of serum and the resumption of proliferation, Anp32b mRNA was significantly increased (P < 0.01) by more than 38-fold relative to control Actb. Under identical conditions, the induction of mRNA encoding Myc, a well-documented early proliferation marker, achieved a 4.8-fold increase (Fig. S1B) . Similarly, WT B cells stimulated with LPS, and WT T cells activated with anti-CD3 plus anti-CD28 antibodies (activators of the T-cell receptor complex and T-cell costimulatory complex, respectively), showed significant elevation (P < 0.01) of Anp32b mRNA levels (Fig. 2C) . These results indicate that Anp32b is upregulated under conditions that favor cell proliferation.
Gene Targeting of Anp32b in Mice. To investigate the physiological functions of ANP32B in vivo, we generated mice in which the Anp32b gene was disrupted by replacing the genomic region containing exons 2, 3, and 4 with a pgk-neo expression cassette (Fig. 3A) . This mutation results in an mRNA in which the last 17 codons of exon 1 are linked to an out-of-frame exon 5. Southern blotting of the genomic DNA of E14K ES cell clones demonstrated a single appropriate insertion of the pgk-neo sequence (Fig. 3B , Left). Anp32b +/− mice (mixed 129:C57BL/6 background) were then generated and intercrossed to create Anp32b −/− progeny. Genomic deletion was confirmed in primary MEFs derived from Anp32b −/− embryos using a flanking genomic probe ( Fig. 3B , Right). Immunoblotting of extracts of Anp32b −/− MEFs demonstrated that there was no detectable Anp32b protein in nullizygous mutants (Fig. 3C ).
ANP32B Protects Against Perinatal Lethality. The intercrossing of our mixed-bred 129:C57BL/6 Anp32b +/− mice to generate Anp32b −/− mutants revealed a defect in mutant mouse viability. At the time of weaning (∼21 d of age), Anp32b −/− mice were present at a far lower frequency (7%) than the 25% expected according to the standard Mendelian distribution (P < 0.01; Table 1 ). To exclude the possibility that the observed defect was due to a linked mutation present in the ES cell clones, we backcrossed the Anp32b mutant allele into the C57BL/6 background for six generations. The penetrance of the survival defect was increased in the pure C57BL/6 background (P < 0.01; Table  2 ), strongly suggesting that the defect in viability is not attributable to a linked gene mutation. To define precisely when the majority of Anp32b −/− mice died, we monitored litters from the time of first detection (12 h postnatal) until weaning. However, virtually all Anp32b −/− mice that were evident at first detection survived to adulthood. This observation indicated that the developmental problem(s) killing most Anp32b −/− mice occurred either during embryogenesis or before normal litter detection. In the course of generating our primary MEFs, we noted that Anp32b −/− embryos were present at approximately Mendelian rates on embryonic day 14.5 (E14.5). We therefore chose to follow the fate of Anp32b −/− embryos from late embryogenesis until early time points after birth. Among litters examined immediately after birth, some Anp32b −/− pups never initiated breathing, whereas others were able to nurse, at least initially. Timed pregnancy studies revealed that E17.5 Anp32b −/− embryos were present at approximately Mendelian frequency (Table 3) . No defect detectable by gross inspection was evident in any E17.5 Anp32b −/− embryos of the mixed background (Fig. 4 A and B) . Examination of Anp32b −/− embryos of the pure C57BL/6 background showed that these animals also remained viable until at least E17.5. Taken together, our data suggest that the defect(s) killing Anp32b −/− mice occur perinatally, i.e., at or very near the time of birth.
Rigorous pathological examinations of eight Anp32b −/− E17.5 embryos as well as three postnatal day 1 (P1) pups of both the mixed 129:C57BL/6 and the pure C57BL/6 backgrounds revealed no obvious gross abnormalities in a majority of embryos examined. Some Anp32b −/− E17.5 embryos did show subtle and sporadic craniofacial abnormalities, including overlarge ventricles in the brain, expanded inner ear cavities, and palate closure defects. The heart and lungs were not obviously affected. Interestingly, large hematomas in the liver, aortic arch, or umbilical artery were observed in three of eight E17.5 embryos and in one of three P1 pups of the mixed mutant background. However, no one defect appeared to be responsible for the perinatal lethality of all Anp32b −/− mice.
Surviving Anp32b −/− Mice Show Reduced Size and Decreased Life Span. To investigate the effects of ANP32B deficiency in adult mice, we monitored our surviving mixed-bred Anp32b −/− mice and their littermates from time of weaning until age approximately 1 y. At time of weaning, surviving Anp32b −/− female mice weighed, on average, 42% less than WT females and 35% less than their female Anp32b +/− littermates (P < 0.05; Fig. 4C ). A similar trend was seen for males, although the differences did not reach statistical significance in this analysis (Fig. S2) . When the data for male and female sex-matched littermates were combined, a statistically significant reduction in body weight was apparent when Anp32b −/− and Anp32b +/− littermates were compared (P < 0.01), as well as when Anp32b −/− and Anp32b
littermates were compared (P < 0.05). Surviving Anp32b −/− mice were not robust and showed signs of premature aging. Many Anp32b −/− mutants exhibited early onset kyphosis in which the curvature of the upper spine was evident at 4 mo of age and severe by 6 mo (Fig. 4D) . Increased hepatocyte polyploidy, another hallmark of premature aging, was also present in the aged Anp32b −/− mice. However, premature alopecia, which is a common aspect of early aging, was not seen in the kyphotic mice. Consistent with these phenotypic features, Anp32b −/− mice had a reduced life span (P < 0.01; Fig. 4E ), but no consistent pathology could be identified as the cause of their premature death. Two cases of megacolon and two cases of hydroureter causing severe morbidity were observed, but the other five aged Anp32b −/− mice died without identifiable cause.
Normal Cellular Apoptosis and Proliferation in the Absence of ANP32B. We next turned to in vitro studies in an attempt to identify the cause of the viability defects in Anp32b −/− mice. Because Anp32b has been implicated in the regulation of caspase activity (10, 33), we first investigated the response of Anp32b −/− thymocytes and transformed MEFs to a broad array of intrinsic and extrinsic apoptotic stimuli. However, no statistically significant differences between Anp32b +/+ and Anp32b −/− cells of either type were observed (Fig. S3) . Similarly, prompted by the conclusions of previous reports (15, 17) , we investigated whether loss of ANP32B affected cell proliferation, but, again, no defects in in vitro proliferation were found for Anp32b −/− primary MEFs, thymocytes, or splenocytes (Fig. S4 ).
ANP32B Masks a Role for ANP32A in Essential Development. We have previously reported that neither the ANP32A-deficient nor the ANP32E-deficient mouse has any obvious abnormal phenotype (35) . To determine whether deficiency for another Anp32 family member might expose the cause of the viability defect of our Anp32b −/− mice, we generated Anp32b +/− ;Anp32a +/− and Anp32b +/− ;Anp32e +/− double-mutant strains and intercrossed them. As shown in Table 4 , heterozygosity for Anp32a further compromised development in the Anp32b −/− background (P < 0.01). Indeed, no Anp32b 
;Anp32a
+/− mice. When we attempted to generate triple mutants lacking ANP32A, ANP32B, and ANP32E, none were viable (as expected). Strikingly, a single functional Anp32b allele was sufficient to allow survival to weaning age in the mixed-bred background (Table S1 ), but a single functional Anp32a or Anp32e allele could not support mouse survival in the absence of ANP32B. These data indicate that there is a hierarchy of ANP32 protein functions in which ANP32B is the most important family member for embryogenesis, with ANP32A being of moderate importance and ANP32E being of least importance.
Discussion
In this study, we provide evidence that ANP32B may be a useful prognostic indicator in human breast cancer and describe the generation and characterization of the ANP32B-deficient mouse.
We carried out a meta-analysis of ANP32B mRNA levels in human breast cancers using three independent studies in which the patients were subject to different exclusion criteria and treatment regimens (37) (38) (39) . Although ANP32B was not highlighted in the original individual analyses, our examination of the combined data indicates that elevated ANP32B expression correlates with shortened patient survival. We hypothesize that ANP32B does not control tumorigenesis itself but rather increases, or is a marker of, the robustness of the resulting tumor cells; that is, ANP32B is elevated in tumor cells exhibiting increased proliferation and thus aggression. Consistent with this hypothesis, we found that Anp32b mRNA was up-regulated in murine cells exhibiting enhanced proliferation in tissue culture and in vivo.
Our report identifies an ANP32 mutation with a strong adverse effect on development. We have shown that null mutation of Anp32b in mice results in highly penetrant perinatal lethality in a mixed genetic background and in fully penetrant lethality in a pure C57BL/6 background. The specific cause of this lethality remains unclear because surviving mixed-bred Anp32b −/− mice suffered from a range of pathologies. We speculate that, during the course of evolution, the ANP32 proteins, and particularly ANP32B, took on functions that were less dispensable for embryogenesis. The nature of these functions remains obscure, as our data indicate that loss of ANP32B does not consistently affect one organ and that the majority of these animals die just after E17.5, when most murine organogenesis is complete. Our histological examinations did not show any defects in vascular endothelium or smooth muscle, as might have been expected from previous reports on ANP32B functions (32, 40) . However, our data regarding the incidence of hematomas in Anp32b −/− embryos do support a potential role for ANP32B in vascular development. Considering the recognized function of KLF5 in vasculogenesis (32) , and the reported influence of ANP32B on KLF5-activated transcription, it is possible that the hematomas may have been due to defects in ANP32B-assisted, KLF5-activated transcription.
Our results confirm genetically that there is considerable functional overlap among ANP32 proteins. If different ANP32 proteins functioned in discrete cell types, or in different processes within the same cell, we would not have expected to see the synergistic effects that we observed in our compound mutants. However, our most dramatic finding is that mice carrying Anp32b mutations are sensitized to loss of Anp32a, a gene that has not previously been shown to have an effect on mouse development. These data establish that, contrary to previous assumptions, ANP32 family members are not all functionally redundant in vivo. Although mutations of multiple alleles of Anp32a or Anp32e are compatible with embryogenesis, at least one functional Anp32b allele must be present in any compound mutant for normal rates of survival. Thus, ANP32B is clearly the most important member of the ANP32 family, at least in mice.
The broad array of functions ascribed to various ANP32 family members in the literature suggests that certain reported biochemical functions may be artifactual. The data we have presented here, as well as in a previous publication (35) , demonstrate that the Anp32 genes are not likely to be broadly involved in apoptosis. Furthermore, no ANP32-deficient cells have yet shown proliferation defects, implying that ANP32-mediated inhibition of cell cycle control phosphatases, such as PP2A, may be redundant or have a limited impact on cell proliferation. Instead, we speculate that ANP32 proteins play a more direct role in controlling gene expression, likely through their reported activities in chromatin regulation and/or selective mRNA transport. In any case, regardless of the ANP32 protein function under investigation, our results indicate that future research aimed at understanding the shared functions of ANP32 proteins should concentrate on ANP32B.
Materials and Methods
Prognostic Marker Identification. Data were acquired from three publicly available datasets (37) (38) (39) . The prognostic risk associated with particular gene expression was computed using application of the Cox proportional hazard regression model.
Northern Blotting. The multiple murine tissue blot for Northern analysis was acquired from Zyagen (catalog no. MN-MT-2). Anp32b mRNA was detected by hybridizing to a labeled probe consisting of the EcoRI-BamHI fragment at the 5′ end of the ORF. Gapdh was detected by probing with a 214-bp fragment that hybridized to exons 5, 6, and 7.
Real-Time RT-PCR. RNA was extracted from specified cell populations using a standard protocol and the RNeasy kit (Qiagen), quantified, and reversetranscribed using a SuperScript II first-strand synthesis kit (Invitrogen). cDNA samples were then used as templates for quantitative real-time PCR (qPCR) using an ABI 7900HT detection system and SYBR Green (Applied Biosystems). Data were normalized to Actb (β-actin), Tbp mRNA, or Rn18S (18S rRNA). Primer sequences are provided in Table S2 . Statistical significance of differences in normalized values were assessed by Student's t test.
Mice. Mice were maintained under specified-pathogen free conditions in individually ventilated cages and fed a 5% irradiated meal. Anp32b −/− mice analyzed in this study were derived from two separate homologous recombinant clones and analyzed in approximately equal proportion for all experiments. Unless otherwise stated, analyses were performed in the mixed-bred 129ola;C57BL/6 genetic background. Statistical analyses for weights and longevity were performed using Student's t test and log-rank analysis, respectively.
Plasmids and Primers. Sequences directing the expression of diphtheria toxin A in mouse ES cells were cloned into pBluescript (pgk-neo) to give the plasmid pBSneoDTA (35) . Regions of the Anp32b gene adjacent to the targeted exons were cloned by high-fidelity PCR. Primers used to clone the upstream and downstream arms of homology into the XhoI site and XbaI site, respectively, are shown in Table S2 .
Gene Targeting. Targeting constructs were linearized and transfected by electroporation into E14K mouse ES cells as previously described (41, 42) . Southern probes used to detect Anp32b genomic sequences were amplified from genomic ES cell DNA. PCR primer sequences for Anp32b flanking probe generation are presented in Table S2 . Mendelian  10  20  10  20  41  20  10  20  10  Expected  15  30  15  23  45  23  3  6  3  Observed*  15  25  20  28  43  23  8  0  0 Numbers of double-mutant mice of the indicated genotypes arising from the intercrossing of Anp32a
;Anp32b +/− mice. "Mendelian" indicates the distribution for the indicated total number of mice under conditions of normal Mendelian segregation. "Expected" indicates the distribution for the Mendelian distributed numbers with integration of the observed rates of Anp32b lethality (Table 1) . "Observed" indicates the actual numbers of mice of the noted genotypes obtained. Statistical probability is calculated against "Expected" ratios. *P < 0.01 by χ 2 analysis. Mendelian  6  11  6  11  22  11  6  11  6  Expected  8  16  8  12  25  12  2  3  2  Observed  9  13  10  14  21  15  3  2  1 Number of double-mutant mice arising from the intercrossing of Anp32e
;Anp32b +/− mice. "Mendelian" indicates the distribution for the indicated total number of mice under conditions of normal Mendelian segregation. "Expected" indicates the distribution for the Mendelian distributed numbers with integration of the observed rates of Anp32b lethality (Table 1) . "Observed" indicates the actual numbers of mice of the noted genotypes obtained. No statistically significant deviation from "Expected" values was observed using χ 2 analysis.
Genotyping. For standard genotyping, PCR was performed on proteinasetreated biopsies. Primer sequences are provided in Table S2 . Statistical analyses of progeny derived from intercrosses were performed using χ 2 analysis.
Immunoblotting. Mouse thymi were homogenized and lysed in buffer containing Nonidet P-40 detergent. Protein extracts (5 μg) were fractionated by SDS/PAGE, transferred to PVDF membranes, and probed with anti-ANP32B antibody (10843-1-AP; Proteintech) or anti-β-tubulin (loading control; Li-Cor Bioscience). Protein bands on blots were visualized using Li-Cor Odyssey standard protocols.
Cell Populations. Primary MEFs were prepared from littermate Anp32b +/+ , Anp32b +/− , and Anp32b −/− E14.5 embryos derived from timed interbreedings of Anp32b +/− mice. For transformed MEFs, primary MEFs (5 × 10 5 cells) were infected with a retrovirus generated from pLPC E1A/ras V12 using published techniques (43) . Single-cell suspensions of total thymocytes were prepared from three sex-matched littermate pairs of Anp32b +/+ and Anp32b −/− mice (4-8 wk old). Single-cell suspensions derived from spleen or lymph nodes were treated with red blood cell lysis buffer (Sigma) to remove erythrocytes, and B and T cells were purified using the IMag cell separation system (Becton Dickinson). Briefly, total leukocytes were incubated with mouse anti-CD16/32 blocking antibodies, after which T cells were negatively selected using biotinylated anti-Ter119/B220/CD19/CD11b/Nk1.1/CD11c antibodies, and B cells were positively selected using biotinylated anti-CD19/ B220 antibodies.
Apoptosis. Apoptosis assays were performed as described previously (35, 44) . Briefly, cells were exposed to apoptotic stimuli as detailed in Fig. S3 and cultured overnight in medium containing penicillin/streptomycin, 10% FBS, and L-glutamine. Viability was determined by propidium iodide exclusion and flow cytometry using a FACScaliber (BD Pharmingen).
Proliferation. The growth of primary MEFs in culture was analyzed as previously described (35) . Purified B cells were treated with 1 μg/mL LPS for 24 h. Purified T cells were stimulated by seeding on plates precoated with anti-CD3 and anti-CD28 antibodies as previously described (45) . Statistical differences in cell growth were assessed using Student's t test.
